Intergeneric protoplast fusion between Escherichia coli HB101 with pBR322 carrying the cloned o-(carboxymethyl)cellulase (CMCase) gene of Ruminococcus albus (Pro-Leu-Apr Kms) and an anaerobic mutant strain, FEM29 (Trp-His-Aps Kmr), with dehydrodivanillin-degrading activity was performed in the presence of 40% polyvinyl alcohol 300 under aerobic and anaerobic conditions to transfer the cloned cellulase gene into the mutant. The mutant FEM29 had a unique property. When it was incubated in liquid medium with 1% glucose and sucrose, protoplasts could be produced autogenously and regenerated on the agar slant. E. coli spheroplasts formed from a plasmid-amplified overnight culture after 10 min of treatment with lysozyme (20 ,Lg/ml) in a hypertonic solution (0.01 M Tris hydrochloride [pH 7.5], 0.4 M mannitol). Protoplast regeneration rates of FEM29 and HB101 were 30 and 83%, respectively, on the agar-yeast extract medium. Apr Kmr fusants were obtained at high frequency: 1.7 x 10-2 anaerobically and 8.2 x 10-3 aerobically. These fusants showed 23 to 57% of CMCase and dehydrodivanillin-degrading activities, respectively, as compared with parental strains. All the fusants isolated were gram-negative rods with main phenotypes such as urease and catalase activities as in HB101 and esterase and chymotrypsin activities as in FEM29. Southern hybridization experiments suggested that pBR322 with the cloned CMCase gene existed autonomously in the fusant cells. This is the first report describing transfer of pBR322 with a cloned cellulase gene into an anaerobic mutant by polyvinyl alcohol-mediated fusion with an E. coli spheroplast.
Genetic manipulation for strain improvement requires the establishment of appropriate vectors for introducing foreign genes into the desired hosts. The development of genetic engineering, however, has been hampered in those bacteria that are poorly characterized genetically. The protoplast fusion technique has been studied (4, 8-11, 16, 20) extensively as a means of genetic transfer or recombination. We have previously reported a successful intergeneric protoplast fusion system between Fusobacterium varium and Enterococcus faecium under anaerobic conditions for enhancing dehydrodivanillin (DDV) degradation (2, 3) . Our results suggested that genetic transformation and recombination can take place through protoplast fusion between bacterial strains that are distantly related taxonomically. On the other hand, Escherichia coli protoplast-mediated transfer of cloned recombinant plasmids has already been achieved in eucaryotic cells. Kingsman et al. (5) and Broach et al. (1) succeeded in transforming Saccharomyces cerevisiae by direct transfer of E. coli protoplasts harboring hybrid plasmids. Tanaka et al. (19) used an amplified plasmid population in E. coli spheroplasts as a delivery system for transfer of cloned cauliflower mosaic virus DNA into plant protoplasts. Saint Vincent et al. (12) , Sandri-Goldin et al. (14) , and Schaffner (15) have reported successful transfer of cloned genes from bacterial into mammalian cells by protoplast fusion. One of the advantages of this gene transfer system is that individual bacterial protoplasts can deliver a large number of amplified genes into the recipients. This gave us the idea to make a direct transfer of genes cloned in E. coli into the desired bacterial hosts by protoplast fusion.
In this report, we describe an anaerobic mutant strain, FEM29, derived from the anaerobic recombinant FE7 (3). was isolated as an ApS mutant from the anaerobic recombinant FE7, which is a fusant obtained from intergeneric protoplast fusion between F. varium and E. faecium (3). The mutagenesis was done as follows. A 0.5-ml sample of an overnight culture (108 cells) exposed to UV irradiation for 0.5 to 2.5 min was diluted with the liquid medium and spread on the agar slants. After colonies appeared, the slant was replicated to two slants with and without ampicillin. The phenotypes of the mutants were confirmed in liquid media.
The selective markers for FEM29 were Leu-, Trp-, His-, Aps, Kmr, Smr, DDVase+, CMCase-, and pRA1-. Protoplast fusion. E. coli spheroplasts (3.9 x 109; 0.5 ml) in 0.4 M mannitol solution were added to 0.5 ml of FEM29 protoplasts (6.9 x 106) in the same solution. Subsequently, 1 ml of 40% PVA or PEG was added with mild shaking for homogenization, and the mixture was incubated for 10 min at room temperature. Protoplast aggregation and fusion in PVA or PEG were observed by phase-contrast microscopy. The protoplasts were washed three times and diluted in 5 ml of 0.4 M mannitol solution. A 1-ml sample of the suspension was directly overlaid on RMI with 100 ,ug of ampicillin and kanamycin per ml and incubated anaerobically at 37°C. Another 1 ml of the suspension was spread on RMII plates with the same antibiotics and incubated aerobically. When colonies appeared, a soft agar (1%) with 0.5% CMC plus 50 mM phosphate buffer (pH 7.5) was spread on the plates and slants and they were incubated for 6 h at 37°C. The plates and slants, stained with 5 ml of 1% Congo red solution for 15 min, were washed several times with 1 M NaCl. CMC-and DDV-degrading activities were assayed in the manner described before (2, 3, 7) . Phenotypic characterization of fusants. Single colonies were isolated from the selective media with inocula diluted 10-3 to 10-7 in fresh yeast extract medium and purified by five successive transfers of isolated single colonies on the selective media. Physiological properties of the fusants were assayed by following the instruction manual from the API ZYM and API 20A biochemical test systems. The character- ization tests were repeated periodically to ensure that no change in the culture characteristics occurred.
Southern hybridization. Chromosomal DNA was extracted by the method of Saito and Miura (13) . Plasmid DNA preparation, nick translation, and Southern hybridization were done by the methods described by Maniatis et al. (6) .
RESULTS AND DISCUSSION
Protoplast fusion. For efficient protoplast fusion, we tried both PVA and PEG as fusogens and examined in detail how their concentrations affected protoplast regeneration and fusion in E. coli HB101 and mutant FEM29. With an increase in PVA concentration, regeneration frequency in both HB101 and FEM29 decreased gradually, while fusion frequency increased and reached maximum at a PVA concentration of 40% (Fig. 1) . In contrast, PEG greatly influ- death resulting from extreme dehydration (18) . These results indicated that PEG was much more toxic for protoplasts than PVA. Using PVA as the fusogen resulted in a fusion frequency 102 to 103 times higher than that obtained with PEG. This is the first report showing PVA to be a better fusogen than PEG for protoplast fusion in bacteria.
Since E. coli HB101 is a facultatively aerobic bacterium and FEM29 is an anaerobe, the nature of the progeny in this regard was of interest. Therefore, the fused protoplasts were cultivated aerobically and anaerobically. Both RMI and RMII contained ampicillin and kanamycin to counterselect respective parents. Fusion frequencies on RMII and RMI were 8.2 x 1i-0 and 1.7 x 10-2, respectively, in the presence of 40% PVA 300, whereas when PEG was used as the fusogen, the fusion frequency decreased to 2.3 x 1i-' under anaerobic conditions. The colonies that grew on RMI were designated as anaerobic fusants anaFEME1, ana-FEME2, etc. The colonies isolated from the RMII were designated as aerobic fusants aeFEME1, aeFEME2, etc. Complementation should have occurred in these hybridized fusants since the parent strains were incapable of growing on the selective media.
Characterization of fusants. The fusants that gave a response characterized by a halo around the colonies were isolated and cultivated in the defined media to examine the CMC-and DDV-degrading activities retained. aeFEME11, one of the aerobic fusants, had 37% of the CMCase and 23% of the DDV-degrading activities of its parents ( Table 1 ). The activities of anaFEME3 were 29 and 57%, respectively. These results suggested that pRAl with the cloned CMCase gene was transferred into the fusants. The CMC-and DDVdegrading activities expressed in the fusants should originate from genes on pRAl and the FEM29 chromosome, as no plasmidlike DNA was ever detected in the original strain FE7. Of 100 fusants tested, approximately 60% showed similar activities against both CMC and DDV. To determine the phenotypes of the fusants, we used the API 20A system for identification of anaerobes. FEM29-type fusant ana-FEME3 expressed properties similar to those of FEM29 and also obtained sorbitol fermentation ability from HB101 (Table 2 ). HB101-type fusant aeFEME11 revealed catalase activity, which is usually regarded as a differential character to distinguish aerobes from anaerobes. API ZYM tests showed that both aeFEME11 and anaFEME3 expressed esterase and chymotrypsin activities of FEM29, as well as lipase and trypsin activities of HB101 (Table 3) . These results suggested that genetic information from both parental strains was introduced into the fusants.
Existence of pRAl in fusant cells. CMCase activity expressed in the fusant suggested that pRAl existed in fusant cells and that the cloned CMCase gene of R. albus was expressed well. To determine whether pRAl exists as an autonomous replicon in fusant cells or is integrated into the fusant genome, we performed appropriate Southern hybridization experiments as described by Struhl et al. (17) and of protoplasts. On the basis of the above results, we tried a protoplast fusion between E. coli HB101 and the mutant FEM29 and succeeded in transferring plasmid pBR322 DNA with the cloned R. albus CMCase gene into the mutant FEM29 through the fusion process. This paper and our previous reports (2, 3) support the hypothesis that intergeneric protoplast fusion in bacteria has great potential not only in genetic recombination between genomes but also in transfer of plasmid DNA carrying cloned gene fragments into the desired hosts.
